The formation/binding energetics and length scales associated with the interaction between He atoms and grain boundaries in BCC α-Fe was explored. Ten different low Σ grain boundaries from the 100 and 110 symmetric tilt grain boundary systems were used. In this work, we then calculated formation/binding energies for 1-2 He atoms in the substitutional and interstitial sites (HeV, He 2 V, HeInt, He 2 Int) at all potential grain boundary sites within 15Å of the boundary (52826 simulations total).
The formation/binding energetics and length scales associated with the interaction between He atoms and grain boundaries in BCC α-Fe was explored. Ten different low Σ grain boundaries from the 100 and 110 symmetric tilt grain boundary systems were used. In this work, we then calculated formation/binding energies for 1-2 He atoms in the substitutional and interstitial sites (HeV, He 2 V, HeInt, He 2 Int) at all potential grain boundary sites within 15Å of the boundary (52826 simulations total).
The present results provide detailed information about the interaction energies and length scales of 1-2 He atoms with grain boundaries for the structures examined. A number of interesting new findings emerge from the present study. For instance, the Σ3(112) twin boundary in BCC Fe possesses a much smaller binding energy than other boundaries, which corresponds in long time dynamics simulations to the ability of an interstitial He defect to break away from the boundary in simulations on the order of nanoseconds. Additionally, positive correlations between the calculated formation/binding energies of the He defects (R > 0.9) asserts that the local environment surrounding each site strongly influences the He defect energies and that highly accurate quantum mechanics calculations of lower order defects may be an adequate predictor of higher order defects. Various metrics to quantify or classify the local environment were compared with the He defect binding energies. The present work shows that the binding and formation energies for He defects are important for understanding the physics of He diffusion and trapping by grain boundaries, which can be important for modeling He interactions in polycrystalline steels.
Keywords: Helium, grain boundaries, iron, interstitial, substitutional, formation/binding energy a) Corresponding author, email: mark.tschopp@gatech.edu
I. INTRODUCTION
Understanding radiation damage phenomena in nuclear materials is important for predicting the mechanical behavior of current and future nuclear power reactors 1 . In particular, future fusion reactors will produce a much larger amount of both He and H as compared to fission reactors, hence the microstructure of the structural materials used in fusion reactors will be much more sensitive to interactions with He defects 2, 3 . In terms of radiation damage, the production of helium through (n,α) transmutation reactions causes both microstructure evolution and drastic property changes in the first-wall and blanket structural materials of fusion reactors. The production of single helium atoms and small He clusters in the metal lattice is inherently a problem that occurs at the nanoscale. The subsequent diffusion of He and He clusters results in the nucleation and growth of He bubbles on grain boundaries and within the lattice, which lead to a macroscopic deterioration of material properties including void swelling, surface roughening and blistering, and high temperature intergranular embrittlement [1] [2] [3] [4] [5] [6] [7] [8] [9] . While the production and diffusion of He occurs at the nanoscale, these other processes develop at larger length scales over long time scales, which necessitates developing predictive multiscale models for material behavior under irradiation conditions that couples multiple simulation methods at different length and time scales. Developing this predictive capability will require an understanding of the mechanisms associated with radiation damage phenomena, of the He interaction with microstructures, and of the associated uncertainties.
It is well known that He interactions in Fe play an important role in the mechanical behavior of steel alloys. There have been a number of quantum mechanics and molecular dynamics simulations that have examined how He and He clusters affect single crystal lattice properties and physical properties in α-Fe [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . For instance, density functional theory (DFT) simulations have been used to show that interstitial He atoms strongly interact with vacancies and can also be trapped by interstitial atoms (binding energy of 0.3 eV) 10 .
Ventelon, Wirth, and Domain 24 probed the interactions between He and self-interstitial atoms (SIAs) in α-Fe and found strong binding behavior between interstitial He and SIA clusters, which corresponded with the SIA defect strain field. Other atomistic studies have examined how He and H interact within the single crystal lattice to form complex He-H clusters 27, 28 or how He impacts the production of irradiation-induced point defects in an Fe-Cr matrix 29 . Stewart et al. 25, 26 recently used several Fe-He potentials [30] [31] [32] to show the effect of the interatomic potential on the resulting dynamics of He transport and He clustering in
Fe. Ascertaining the reactions that occur and quantifying their energetics are very important for a fundamental understanding of how point defects, impurities, substitutional atoms, and helium atoms interact in the single crystal lattice of α-Fe. Furthermore, this information is useful for models that explore the kinetics of He diffusion, trapping (clustering), and detrapping (emission), such as rate theory models [33] [34] [35] [36] , kinetic Monte Carlo models 37, 38 , and/or phase field models 39, 40 .
Grain boundaries within these alloy systems can also play a significant role in trapping these point defects and atomic species. Despite this fact, there have been relatively few studies that have focused on He interactions with grain boundaries [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . These prior works have been significant for understanding the migration paths and mechanisms of He for a few boundaries using the dimer method 42, 44 , understanding migration of interstitial He in different grain boundaries using molecular dynamics 45 , understanding how the grain boundary strength is affected by He 46, 47 or He bubbles 48 , or understanding the diffusion and stability of He defects in grain boundaries using first principles 49, 50 energies for the same atomic site, which asserts that the local environment surrounding each site strongly influences the He defect energies and that highly accurate quantum mechanics calculations of lower order defects may be an adequate predictor of higher order defects.
The present work shows that the binding and formation energies for He defects is important for understanding the physics of He diffusion and trapping by grain boundaries, which can be important for modeling helium interactions in polycrystalline steels.
II. METHODOLOGY A. Grain Boundaries
The interaction between helium and iron grain boundaries was investigated by using ten different grain boundaries and multiple different He defect combinations for multiple sites within 15Å of the boundary (52826 simulations total). Table I lists the ten grain boundaries studied, their dimensions in terms of lattice units, the number of atoms and the interfacial energy. These grain boundaries represent the ten low coincident site lattice (CSL) boundaries (Σ ≤ 13) within the 100 and 110 symmetric tilt grain boundary (STGB) systems. This is a subset of those boundaries used in prior studies of point defect absorption (vacancies and self-interstitial atoms) by a large range of grain boundary structures in pure α-Fe 56,57 .
These boundaries were generated using a previous methodology 60, 61 whereby multiple translations and an atom deletion criteria were used to locate minimum energy grain boundary structures. This method has been found to agree with experimentally-measured energies for Σ3 asymmetric tilt grain boundaries in Cu 60,62 as well as experimental high resolution transmission electron microscopy (HRTEM) images 63 , including the orthorhombic 9R phase in FCC metals [63] [64] [65] . While this methodology for generating grain boundaries was first applied to FCC metals, this method will also work for other BCC and HCP grain boundaries as it is based on generating a large number of energy-minimized grain boundary structures to find the minimum energy grain boundary for each grain boundary.
The current set of boundaries includes four 100 STGBs (Σ5,Σ13) and six 110 STGBs (Σ3,Σ9,Σ11). Recent experimental characterization of steels has shown that several of these symmetric tilt grain boundaries are observed at a concentration higher than random grain The simulation cell consisted of a 3D periodic bicrystalline structure with two periodic grain boundaries, similar to prior grain boundary studies 61, 68, 69 . The two mirror-image grain boundaries are separated by a minimum distance of 12 nm to eliminate any effects on energies due to the presence of the second boundary. While the grain boundaries were generated using the minimum periodic length in the grain boundary period direction and the grain boundary tilt direction (x-and z-directions, respectively), it was found that the formation energies for the defects were influenced for periodic lengths below 4a 0 . That is, the periodic image of the defect and/or its influence on the surrounding lattice can significantly affect the defect's formation energy. Hence, multiple replications in the grain boundary tilt direction and the grain boundary period direction were used. For instance, the final dimensions for the Σ5(210) GB resulted in a vacancy formation energy far away from the boundary that was within 0.015% of that within a 2000-atom BCC single crystal (i.e., 10a 0 per side). This criteria resulted in simulation cell sizes on the order of 4660-9152 atoms (Σ13(510) and Σ11(113), respectively). All of the simulations were performed with a modified version of the MOLDY code [70] [71] [72] . angles are based on deviation from the(100) planes in the 100 and 110 STGB systems.
The grain boundary energies are similar to those previously calculated (e.g., Σ5(310) and 
C. Helium Defects
There are four different defect types associated with He atoms that were explored in the present study. These He-defects included substitutional He (HeV), He interstitial (He int ), 
D. Formation and Binding Energies
The formation energies for the He defects could then be calculated as a function of spatial location of sites and their proximity to the grain boundary. The formation energy for a He defect containing p He atoms and q vacancies at site α of a grain boundary configuration is
given by
Here, E HepVq,α tot is the total energy of the grain boundary configuration with the He p V q defect at site α, E GB tot is the total energy of the grain boundary without any defects, and E 
where E HeV,bulk f and E HeV α f are the formation energies of a HeV defect either in the bulk or at site α, respectively. It can be seen that a positive binding energy represents that it is energetically favorable for the He defect to segregate to the GB, while a negative binding energy represents that the He defect does not want to segregate to the GB.
III. RESULTS AND DISCUSSION
A. Spatial distribution of binding energies This finding perhaps asserts that the local environment strongly influences the He defect formation energies and that these energies are not independent of one another.
B. Influence of Local GB Structure
The local environment surrounding each atom changes as due to interactions with neigh- that for calculating the correlation coefficients from the CNA results, BCC is given a lower number than the unknown classification (i.e., unknown sites tend to have higher vacancy binding energies than BCC sites). Since the highest R value is 0.89, Table III 
C. Statistical GB Description
The formation energies of the various He defects can be plotted against the distance from the grain boundary to quantify the evolution of the formation energies (and binding energies) near the GB and to quantify the length scale associated with the He defects. Figure 9 is an example of one such plot for the interstitial He 2 defect at various sites at the Σ11(332) GB, which has very similar behavior to most of the other GBs studied herein (aside from the Σ3(112) GB, to be discussed later). In this plot, the formation energies of each He defect was first calculated for each site. In the case of those He defects that required multiple locations per Fe atomic site, the mean formation energy was used, as in Figure 9 . Next, a grain boundary region was defined to compare the different He defect types and the different GBs examined in the current work. This grain boundary region was subsequently used to quantify three parameters: the segregation length scale l GB , the mean binding energy E in Figure 9 ); minimum length that encompasses all these GB sites is l GB . The GB-affected region calculated using this criterion is shaded light gray in Fig. 9 .
Next, the formation energies were converted to binding energies for each He defect/GB combination to compare the energy gained by each defect segregating to the boundary as opposed to the bulk lattice. Both the mean and maximum binding energies (E , respectively) for the GB-affected region is attained from the set of mean binding energies. From Table V, it is immediately apparent that the Σ3(112) twin boundary has a smaller length scale and smaller binding energies than the other boundaries. As observed in Table I , this boundary has both the lowest energy and lowest free volume, which supports that these macroscale GB parameters may indicate lower binding energies with He defects (e.g., as suggested by Kurtz et al. 41 ). The other boundaries have very similar length scales (typically between 8
A to 12Å) and binding energies (sensitive to He defect type), with a few instances where one boundary has an interaction length scale or binding energies different from the rest (e.g., the Σ13(320) GB consistently has the largest GB-affected region). In general, the GB-affected length scale is larger for the two He defect types, which may be due to a greater probability of at least one He atom being randomly placed closer to the grain boundary plane (i.e., the mean formation and binding energies would be more affected). Moreover, the binding energies for interstitial atom(s) to the GB are higher than those for He atom(s) in a monovacancy to the GB. Also, the binding energies for He defects with two He atoms are higher than those with one He atom. For instance, interstitial He is more strongly bound Figure 10 shows the same plot as Figure 9 for the four defects in this boundary.
The behavior is once again very similar between the different defect types, with a maximum binding energy that is approximately 2-3% of the bulk formation energy for each He defect type. Furthermore, the length scale associated with this boundary is much smaller than the other boundaries.
The present calculations can also be compared to recent DFT formation/binding energies for the Σ5(310) GB 46,50 . For instance, from Table V and the formation energies from Table II ( values from the Fe-He potential in Table V The change in binding energies of He defects as a function of distance from the GB center can also be analyzed by binning the energies and calculating the statistics associated with each bin (Figure 11 ). Due to the symmetric nature of the GB formation and binding energies as a function of distance (e.g., Figure 9 ), the absolute value of the distance from the GB center was used to provide more data points for the statistical analysis. Furthermore, the energies are split into 1Å bins to characterize the distributions and compute statistics for sites at a given distance from the GB. For example, the 0Å bin would contain all binding energies for sites within −0.5Å to +0.5Å from the GB center and then several statistics are calculated from these binding energy distributions. A boxplot (Figure 11 ) is used to represent the binding energy statistics in each bin, i.e., the minimum, 25% percentile, median, 75% percentile, and maximum binding energies. In the boxplot, the red line in the box is the median while the top and bottom edges of the blue boxes represent the 25% and in each bin is also plotted in green. Boxplots can be very useful for any asymmetry in the distribution of energies.
The box plots in Figure 11 encompasses all the binding energy data for all four He defects from the nine representative GBs (excluding the Σ3(112)). The mean binding energy is lowest for sites close to the GB (0 and 1Å bins), as shown in Figure 9 , and it approaches the normalized bulk value of zero as sites are located farther from the boundary. The mean and median values of the binding energies trend together. Similar to the trends found in Table V, there is a definite length scale associated with He defects binding to the grain boundary that is on the order of 5-6Å from the GB center. For binding energies within the GB region, the distribution of binding energy is slightly skewed (for a symmetric distribution, the red line lies exactly in the middle of the box) with a large degree of variability, as can be seen from both the difference between the minimum and maximum values as well as the magnitude of the interquartile range (height of the boxes, denoting the binding energies associated with the 25% and 75% percentiles)). At distances greater than 5-6Å, the boxes and extreme values are closely centered about the bulk value, which shows that the overwhelming majority of atomic sites display a binding energy similar to the bulk value.
D. Long Time Dynamics
The long time dynamics of the two single He defects (interstitial He and HeV) at 300 K were also examined to determine whether the molecular statics simulations of formation and binding energies are effective figures or merit for predicting the GB sink efficiency for He. While both defects were simulated, the HeV long time dynamics simulations were not included as the time scales for migration of the HeV defect in the absence of other defects (e.g., a vacancy) is so much larger than the interstitial He case, that the single crystal and both GBs essentially trap the HeV defect. These simulations show that the He atom is not able to break away from the vacancy, either. Even if the HeV defect separates into a vacancy and an interstitial He, the present simulations show that recombination occurs rather than migration of these defects away from each other. Hence, the lower binding energy of substitutional He to the grain boundary compared to interstitial He is not as important as the energy barrier for migration of HeV. Figures 12 and 13 , respectively. In these plots, the time evolution of the interstitial He migration is shown through coloring the atom according to the accepted events and the beginning/final position of the interstitial He is denoted by larger atoms (blue/red).
Additionally, for the grain boundaries in Figure 13 Table VII . There were 73 total events prior to the interstitial He breaking away from the GB region and 64, or 87%, of those events occured within 1 layer of the GB plane. As can be seen in Figure 12 , on a number of cases, the interstitial He migrated outside of the 1 st GB layer and then re-entered the GB region. However, the low binding and sink efficiency as well, at least for the case of interstitial He. However, these simulations also show that calculating the migration energies is also important for understanding the interaction between He defects and grain boundaries. Interestingly, since the Σ11(332) has binding properties closest to the Σ3(112) (see Table V ), this implies that interstitial He placed at the GB for all other boundaries studied within would be similarly trapped by the grain boundary.
The results produced using the present Gao et al. work, an interstitial He atom was able to break away from the Σ3(112) boundary at 300 K, migrating three-dimensionally as in the bulk lattice upon breaking away from the boundary. This is in contrast to earlier work that found that interstitial He primarily migrated onedimensionally along the 111 direction within the Σ3(112) GB at lower temperatures (600 K) and change to two-dimensional and three-dimensional migration at higher temperatures (800 K and 1000 K, respectively). On the other hand, though, the Σ11(332) GB produced a zigzag behavior that predominantly lied within the grain boundary plane along the 113 direction, similar to that observed by Gao et al. 44 . This change in behavior for the Σ3(112) boundary may be attributed to the smaller migration energies for the current potential, which more accurately captures the energetics of He atoms within the Fe lattice 15, 49 . This result is important as the Σ3(112) GB is the coherent twin in α-Fe and has been experimentally observed at populations over 10 MRD in steels 66, 67 . Moreover, this result shows the crucial role that the interatomic potential can have on nanoscale mechanisms and results.
The long time dynamics simulations show that the binding and formation energies for He defects can be important for understanding the physics of He diffusion and trapping by grain boundaries, which can be important for modeling the nucleation and growth of 
IV. CONCLUSIONS
The formation/binding energetics and interaction length scales associated with the interaction between He atoms and grain boundaries in BCC α-Fe was explored. Ten different low Σ grain boundaries from the 100 and 110 symmetric tilt grain boundary systems were used (Table I) along with an Fe-He interatomic potential fit to ab initio calculations 15 (Table II) The following conclusions can be drawn from this work:
• The local atomic structure and spatial location within the boundary affects the magnitude of the formation/binding energies for all four He defects (Figs. 2 and 3 ). In general, grain boundary sites have much lower formation energies and higher binding energies than in the bulk, indicating an energetic driving force for He to segregate to grain boundaries. This GB affected region visibly extends several planes from the GB center. The maximum binding energy for the HeV defect within the 10 GBs is approximately 0.8 eV. Furthermore, the Σ3(112) GB has significantly lower binding energies than all other GBs in this study, with the Σ11(332) GB having the second lowest binding energies of He defects.
• The binding energies for the twenty random starting positions for the off-lattice He defects were analyzed to provide information of the distribution of binding and formation energies at each grain boundary site (Figure 3) . The mean binding energy is more sensitive to local variations than the maximum binding energy and is more applicable to the energetic favorability of He defects than the standard deviation.
• The relative binding energy behavior was examined with respect to grain boundary structure (e.g., Figure 4) . The binding energy behavior between the four defects is highly correlated in a positive sense (R > 0.9), indicating that formation and binding energies of lower order defect types may be an adequate predictor of the formation energies of higher order defect types (e.g., using E HeV f to accurately predict the mean E He 2 Int f ), which may be important for more expensive quantum mechanics simulations.
• Metrics for quantifying or classifying the local structure of each atom site were compared to the formation/binding energies of He defects. Trends in per-atom metrics with each other and with the He defect energies were tabulated (Table III and IV) and include: E coh positively correlated with vacancy binding energy E • The change in formation and binding energies as a function of spatial position ( Figure   9 ) was used to identify a GB affected region and to assess a corresponding length scale, mean binding energy, and maximum binding energy for this region (Table V) . Table   V indicates the Σ3(112) GB, and for some He defects the Σ11(332), does indeed stand out from the other GBs in the current study. For the two-atom He defects, both the length scale and the binding energies are larger than for the single-atom He defects.
These values calculated using the Fe-He interatomic potential 15 qualitatively agree with previous DFT calculations 46,50 and both formation/binding energies agree with DFT within the calculated differences from Table VI. These plots were additionally reduced via symmetry about the GB plane (Figure 11 ) to show the evolution of the binding energy distribution as a function of distance from the GB plane for the various defect types.
• Long time dynamics simulations 54,55 for interstitial He placed at a site within the Σ3(112) and Σ11(332) GBs show that interstitial He can break away from the Σ3(112)
GB on the order of nanoseconds at 300 K while interstitial He migrates predominantly one-dimensionally along the 113 GB plane direction in the Σ11(332) GB and is effectively trapped by the boundary.
Atomistic simulations of this nature may ultimately help our understanding of how interface structure affects He diffusion to grain boundaries in polycrystalline steels. 
